In the present work we consider optical design of a multi-slit astronomic spectrograph for UV domain with freeform reflective elements. The scheme consists of only two reflective elements -a holographic grating imposed on freeform surface and a freeform mirror. The freeforms are described by standard Zernike polynomials and the hologram is recorded by two coherent point sources. We demonstrate that in such a scheme it's possible to obtain quite high optical quality for an extended field of view and relatively high dispersion on a curved image surface. The spectrograph works with linear field of view of 76x32 mm and provides reciprocal linear dispersion equal to 0.5 nm/mm and typical resolving power of 15 000 over the UV range of 100-200 nm. Feasibility of the optical components is discussed and coupling of the spectrograph with a TMA telescope is demonstrated.
INTRODUCTION
A number of science cases in modern astrophysical studies requires a high-efficiency, high-angular resolution imaging spectrograph [1] [2] [3] . In the recent years a few designs of future instruments for multi-slit (or multi-object) spectroscopy in the UV domain were developed. Among them we would like to emphasize the instruments presented by K. France et al. [4, 5] , studied in the frame of the current NASA decadal survey, covering most of its' scientific goals in the field of UV spectroscopy.
There are a few critical requirements for the type of spectrographs under consideration. Firstly, it should provide high optical quality over an extended field of view along with a high linear dispersion. Secondly it should provide minimum possible flux losses, that implies minimum number of optical surfaces among other means for the losses reduction. Any moving or changing components are undesirable, because their use can reduce the instrument operation reliability and decrease its' actual observation time. In addition, as for any other space application the instrument should be as compact and lightweight as possible.
In the present paper we study how can be improved the design of a UV multi-slit spectrograph by use of different optical components, which experienced significant progress in the recent years. Firstly, we consider freeform surfaces in the spectrograph scheme and their combination with variable line-spacing (VLS) and holographic gratings. Also, we discuss possibilities of use of curved detectors in the optical scheme.
The target values of the spectrograph main parameters are presented in Table1. They are defined mainly by the two above mentioned instruments. It's supposed that the entire spectral range is covered in one exposure with the same grating. The entrance aperture corresponds to F/# of the incoming beam equal to 1:12.5. In the beginning we consider the spectrograph separately, so the entrance slits array is self-emitting, further we discuss questions of the aperture coupling with a telescope.
At first, we present the best of the developed optical design versions. Further we study the impact of all the design solutions on the final optical quality. 
OPTICAL DESIGN

Optical scheme
The best optical quality was obtained with the configuration presented on Fig.1 . It consists of the entrance slits (or micro-shutters) array, two reflective freeform surfaces -the grating and the auxiliary focusing mirror, and a detector with spherical surface. We should note a few assumptions taken into account in this design. The linear magnification in the scheme is equal to -1 × . The width of an individual slit (or microshutter) is supposed to be 20 µm, which is not possible today, though this value can be achieved in the nearest future [6, 7] . Thus to provide a proper sampling the pixel size should be 10µm or less, which is also close to the parameters of the state-of-art UV detectors [8] .
The entrance pupil in this design is located on the grating surface. The pre-optics, i.e. the telescope isn't taken into account in this version of the design. These assumptions can be valid when the object is bright enough, so the slit size is noticeably smaller than that of the intermediate image. 
Image quality and resolution
The image quality achieved in the presented scheme is estimated by means of spot diagrams ( Fig.2 ) and instrument functions (Fig.3 ). The characteristic values describing the optical quality across the working range and the field of view (FoV) are summarized in Table 2 . The observed maximum radii of the spots can be explained by the optimization features, namely use of the RMS radii to build the merit function and assignment of lower weight coefficients to the aberration terms along the X axis. The reciprocal linear dispersion of the spectrograph is 0.5 nm/mm and it remains almost constant across the image. The spectral resolution limit is defined as its' product with the full width at half maximum (FWHM) of the instrument function, and it's also very uniform for all the wavelengths and field points. The unites spectral resolution value varies significantly, but it is typical for low and medium resolution instruments. The obtained spectral resolution values generally correspond to the requirement specified in the beginning. Below we describe in more details design of the individual scheme components and discuss their complexity, feasibility and influence on the total spectrograph performance.
ANALYSIS OF THE OPTICAL DESIGN
Surface shape
The freeform surfaces shapes are described by the standard Zernike polynomials [9] . For both of the grating and the mirror the highest used term number is 15. However, due to symmetry in respect of the ZY plane, only seven Zernike terms are used for each of the surfaces. To estimate their shapes, we provide residuals after subtraction of the best fit spheres (BFS) from the sags on Fig. 4 . Here we understand the BFS as a sphere defined by radius of curvature and position of the center, which provides the minimum RMS residual from the actual freeform surface. The BFS parameters for the grating are as follows: R gr =-1797.00 mm, z gr = 0.89mm. They provide the residual RMS discrepancy of 4.6 µm and the maximum discrepancy equal to 11.9µm. The obtained values are within the existing technological limits [10] . It's clear from the plot that the surface has a complex shape providing compensation of astigmatism and coma. The BFS parameters calculation for the focusing mirror gives the following results: R m =2298.02 mm, z m = -7.19mm. The RMS and maximum deviation from the sphere are 17.64 and 62.00 µm, respectively. It should be noted here, that the given values are rather overestimated, because the calculations are performed over a full circular aperture instead of a real working one, which is rectangular. 
Grating parameters
Preliminary modeling had shown that use of a grating with a freeform surface doesn't provide enough degrees of freedom for aberration correction across entire FoV for all the wavelength. Use of a non-classical grating, i.e. a grating with curved and/or unequally spaced grooves presented an evident way to increase the parameters number. The simplest option was use of a Variable Line Spacing (VLS) grating. This approach was attractive because it offers the possibility to compensate for a few tangential aberration terms, and also because of simplicity of its' implementation in a raytracing software. The effective grooves spacing in a point on the grating surface is calculated as ( 1 ) where N 0 is the grooves frequency in the vertex and y is the coordinate of the point.
Use of a VLS grating allows to achieve an appropriate optical quality. The RMS spots radii similar to that presented in Table 2 The frequency variation across the surface doesn't exceed 20 gr/mm, i.e. 1.2%. However, the mechanical ruling of the grating can be unrealizable because of complex shape of the substrate.
Both of these disadvantages can be excluded if the grating is considered and modelled as a holographic one. In this case the equation, given by Welford in [11] The grating is recorded by two coherent point sources at 532 nm. The grooves are curved and unequally spaced, while the curvature and spacing in an arbitrary point is defined by the recording geometry presented on Fig.6 . Thus the holographic grating has realizable recording parameters and provide the highest optical quality. In addition, the holographic manufacturing technique is versatile and applicable to different surface shapes. We consider that the holographic grating has a priority in this case and the rest of the analysis is performed for the spectrograph scheme with the holographic grating.
Influence of the detector shape
To demonstrate the influence of the image surface shape on the resolution we considered different cases, namely a plane, spherical and cylindrical detectors. Each time the optical scheme was re-optimized with the same conditions. The obtained spot radii are given as a chart (Fig.7) . It's clear that a curved detector provides much better image quality than a flat one. The results for cylinder and sphere are very close to each other, though the sphere gives a better resolution on the shortwave edge of the spectrum. In the final version of the spectrograph design its' surface has the radius of curvature equal to 878.78 mm and the maximum sag of 8.43 mm. Such a detector an analogous to that described in [12, 13] and can be manufactured using the same technique.
Coupling with a telescope
To exemplify the case, when the intermediate image is smaller than the slit, we consider coupling of the spectrograph with a telescope. We use scheme of an on-axis three-mirror anastigmat (TMA) given in [14] with focal length of 108.08m and F/# of 12. The linear field specified above corresponds to angular field of 72.5×30.5" in this case. The main difficulty of the coupling is that the slit cannot be considered as a self-emitting one and the spectrograph entrance pupil has position and diameter dictated by the telescope scheme. If the spectrograph scheme is used without changes(see Fig.2 and Table 2 .), the spot sizes increases to 9.4-30.3, 7.5-20.3 and 11.5-32.3 µm for 100, 150 and 200 nm respectively. So the optical quality and spatial resolution will not change, though the actual spectral resolution will be defined by the object size. The observed decrease of the spot size can be explained by the TMA central obscuration. The optical scheme and the spot diagrams obtained for the spectrograph coupled with the telescope are shown on Fig.8 Figure 8 . Coupling of the spectrograph with an on-axis TMA telescope: a -optical scheme, b -spot diagrams.
CONCLUSION
In the present paper we considered potential improvement of a multi-slit UV spectrograph by means of freeform surfaces, a holographic grating and a curved detector. We demonstrated, that combining these novelties in the same optical design makes it possible to achieve spectral resolution of 8000-19000 with a typical value of 15000 across the UV domain from 100 to 200 nm. The entire range is registered simultaneously. The linear field of view reaches 76×32 mm. It's notable that the design uses only two reflective surfaces, so the total throughput can be increased. In addition, it's very compact -the dimensions don't exceed 170×630×1200 mm.
The key element of the design is a freeform holographic grating. It's characterized by relatively small sag deviation from the BFS and realizable parameters of the recording sources, but provides wide possibilities for aberration correction. The approach to modelling and optimization of such an optical element presented here can be useful for further development of high-performance spectrographs.
It was shown that the spectrograph performance is highly dependent on the image surface shape, use of a curved detector can drastically enhance optical quality achieved in such designs.
The presented design can be of a special interest for astronomy and astrophysics, especially for the future space telescopes missions, though it's possible applications is not limited by the specified points.
